Our first-principles density functional theoretical modeling suggests that NO oxidation is feasible on fully oxidized single h-Al 2 O 3 supported platinum atoms via a modified Langmuir-Hinshelwood pathway. This is in contrast to the known decrease in NO oxidation activity of supported platinum with decreasing Pt particle size believed to be due to increased platinum oxidation. In order to validate our theoretical study, we evaluated single h-Al 2 O 3 supported platinum atoms and found them to exhibit remarkable NO oxidation activity. A comparison of turnover frequencies (TOF) of single supported Pt atoms with those of platinum particles for NO oxidation shows that single supported Pt atoms are as active as fully formed platinum particles. Thus, the overall picture of NO oxidation on supported Pt is that NO oxidation activity decreases with decreasing Pt particle size but accelerates when Pt is present only as single atoms.
Our first-principles density functional theoretical modeling suggests that NO oxidation is feasible on fully oxidized single h-Al 2 O 3 supported platinum atoms via a modified Langmuir-Hinshelwood pathway. This is in contrast to the known decrease in NO oxidation activity of supported platinum with decreasing Pt particle size believed to be due to increased platinum oxidation. In order to validate our theoretical study, we evaluated single h-Al 2 O 3 supported platinum atoms and found them to exhibit remarkable NO oxidation activity. A comparison of turnover frequencies (TOF) of single supported Pt atoms with those of platinum particles for NO oxidation shows that single supported Pt atoms are as active as fully formed platinum particles. Thus, the overall picture of NO oxidation on supported Pt is that NO oxidation activity decreases with decreasing Pt particle size but accelerates when Pt is present only as single atoms.
O xides of nitrogen (NO X ) are highly reactive gases that are emitted from cars, trucks and buses, power plants, and off-road equipment. These oxides contribute to ground level ozone and are known to have adverse effects on the human respiratory system. The abatement of nitrogen oxides generally involves an oxidation step to convert them all to NO 2 which can then be reduced to nitrogen with a reductant. Typically, a supported platinum catalyst is employed for the oxidation step [1] [2] [3] , which is equilibrium limited over the temperature range of interest 4, 5 . The weak and kinetically labile ON-O bond makes NO 2 even more effective at dosing a catalyst surface than O 2 . This NO 2 dosing has been proposed to control platinum surface oxygen during NO oxidation [6] [7] [8] [9] [10] [11] [12] . The degree of surface oxygen coverage achieved during dosing and the oxygen binding energy depend on the concentrations of the reactants and products during the NO oxidation reaction. The dependence of NO oxidation on platinum particle size is well-known, with NO oxidation diminishing as the platinum particle sizes decrease 11 . Earlier studies failed to show if the cluster size effect is due to inactive Pt oxides or the presence of stronger surface Pt-O bonds in small clusters 11 . A recent detailed kinetic and isotopic study showed that large Pt clusters, which bind oxygen weakly as compared with smaller clusters, have higher vacancy concentrations and facile oxygen desorption 13 . First principles theoretical modeling of an NO interaction with a PtO 2 (110) surface shows that the surface has a weak ability to bind NO and O resulting in a high barrier (1.78 eV) for O 2 dissociation 14 .
Since single supported atoms are the smallest possible clusters, it can be postulated that NO oxidation on such catalysts will be quite ineffective, especially since they are fully oxidized. However, supported single atom catalysts have generally been found to be more reactive than metal clusters or particles [15] [16] [17] [18] [19] [20] [21] [22] . For example, the atomic dispersion of noble metal atoms was found to be the active species in the water-gas shift reaction 15 . Monodisperse palladium atoms on alumina, even at 0.03% loading, are highly active towards the selective oxidation of allylic alcohols 16 . Monodisperse single Pt atoms on iron oxide were shown to be highly active for CO oxidation and preferential CO oxidation in the presence of hydrogen 17 . Iridium single atoms on iron oxide exhibit high specific activity for the water gas shift reaction 18 . Monodisperese single Pt atoms on inert h-alumina substrate are also highly active towards CO oxidation which occurs via a modified Langmuir-Hinshelwood (L-H) pathway 19 . Low temperature CO oxidation has been observed on single supported Pd atoms 20 . High catalytic activity of single supported silver atoms has been demonstrated by their ability to oxidize formaldehyde at low temperatures 21 . Finally, single atoms of rhodium are highly active toward methane reforming 22 . To our knowledge, there is no report describing NO oxidation on single supported atoms. It is important to point out that the study of NO oxidation on single atoms and rafts is relevant to NO X abatement because single atoms and small rafts are present in fresh emission treatment catalysts along with well-defined Pt nanoparticles.
From a bonding perspective, NO bonded in a bent mode (M-N-O angle below 160u) to metals is considered to be NO 1 which is isoelectronic with CO. As such, we reasoned that NO oxidation can also occur via the modified L-H scheme proposed previously for single Pt atom catalyzed CO oxidation 19 . However, NO oxidation is complicated by the fact that it is less exothermic than CO as evident from a DH of reaction of 20.59 eV (cf. 22.93 eV for CO) and is equilibrium limited over the desired temperature range 4, 5, 23 . Thus, conclusions from the CO oxidation study are not applicable to NO oxidation 24 . Despite these considerations, our first principles study predicts that NO oxidation on single supported Pt atoms can proceed via a modified L-H mechanism. Our experimental work shows that single supported platinum atoms are indeed active for NO oxidation. The turnover frequency (TOF) of single supported Pt atoms is comparable to well-formed Pt particles. Thus, the overall picture of NO oxidation on supported Pt is that NO oxidation activity decreases with decreasing Pt particle size but accelerates when Pt is present only as single atoms or agglomerates of single atoms (e.g. rafts). 19, 26 . For NO oxidation, the pathway shown in Figure 1 builds upon the recently published first-principles study of Pt atoms supported on the (010) surface of h-Al 2 O 3 25 and the proposed pathway for CO oxidation on supported Pt atoms 19 . The total energies of optimized species in Figure 1 are summarized in Table S1 . The platinum atoms adsorb on the alumina surface in bridging positions between two oxygen atoms and are in a d 10 oxidation state 26 . An oxygen molecule can bond to a Pt atom in a side-on chelating mode 19 . Unoccupied d xy orbitals and the lack of magnetization support a d 8 structure for Pt atoms after oxygen bonding. Adsorption of NO on an oxidized Pt atom results in intermediate II [ Figure 1 ]. NO bonds to Pt in a straight mode with a Pt-N-O angle of 163.8u suggesting a formal NO 2 mode. Simultaneously, one of the Pt-O surface bonds breaks while the other surface Pt-O bond slightly lengthens by 0.06 Å to 2.248 Å . The side-on configuration of molecular oxygen also changes to terminal with a Pt-O bond of 2.06 Å . The magnetic moment is now localized completely on molecular oxygen suggesting a d 8 or d 10 platinum species [ Table  S2 ]. The projected density of states orbital (PDOS) analysis shows partially filled d xy and d x2 confirming a d 8 platinum [ Figure S1 ]. We also explored an alternative pathway that involves NO bonded to aluminum adjacent to single Pt atoms. The NO molecule bonds to Al in a bent mode (Al-N-O angle of 139.8u) and the non-bonding Pt-N distance is 2.52 Å . The total energy of configuration IIa is 21339.1865 eV which is 1.84 eV higher than that of configuration II. In another possible configuration (IIb), which can form from either IIa or I, the NO molecule bonds to Al in a bent mode (Al-N-O angle of 132.56u) and bonds to Pt with Pt-N bond distance of 2.24 Å . The total energy of configuration IIb is 21339.2808 eV, which is also 1.75 eV higher than that of configuration II. These results suggest that NO oxidation can proceed on single supported Pt atoms without involving surface aluminum.
Results & Discussion
The rearrangement of II to a nitrate species in III is an endothermic step (1.09 eV). The nitrate species bonds to platinum in a mono-dentate mode. Such a mode has been previously observed for trans-Nitrato[2-(di-tert-butylphosphino)phenyl]-di-tert-butylphenylphosphine-platinum(II) with a Pt-O bond distance of 2.17 Å 27 . The calculated bond distance of Pt-O for the nitrate bonded to Pt in III is 2.09 Å . The platinum and all oxygen atoms on nitrogen carry a magnetic moment [Table S2 ], suggesting a d 9 oxidation state for Pt. The projected density of state analysis [ Figure S2 ] shows 5d xy is partially filled. The loss of NO 2 from III to form IV is also an endothermic process (1.24 eV). As described previously, IV is a high spin Pt species with partially filled Pt d xy and d yz orbitals 19 . The Pt-O bond distance with the remaining oxygen in IV contracts to 1.79 Å , while the Pt-O bond distances from surface oxygen become 0.2 Å larger suggesting a weaker support interaction than the non-oxidized platinum atom. The reaction of IV with NO to form V is an exothermic reaction. The Pt-N-O angle is 134.29u suggesting a formal The energetics of reactions in Figure 1 can be summarized as presented in Table 1 . The calculations in the table are based on total energies summarized in Table S1 . All proposed reactions are energetically favorable except there is a barrier to nitrate formation and its decomposition. Thus, the first principles modeling results predicts that there is a pathway for NO oxidation on fully oxidized single supported Pt atoms. The experimental studies, described in the following paragraphs, show that single supported Pt atoms indeed catalyze NO oxidation.
NO Oxidation on h-Al 2 O 3 Supported Single Pt Atoms. The steady state NO oxidation on 0.18%Pt/h-Al 2 O 3 shows ,4% conversion at 265uC that increases only slightly to ,6% at 315uC but reaches ,15% at 415uC. This NO oxidation activity is much higher than that observed for blank h-Al 2 O 3 support [ Figure S5 ]. Furthermore, the increase in activity is not related to platinum particle sintering as evinced from atomic imaging of the tested sample by aberrationcorrected electron microscopy (ACEM) of 0.18%Pt/h-Al 2 O 3 after testing at all three temperatures, which showed predominantly well dispersed single atoms [ Figure 2 ].
For comparison, we also examined the NO oxidation activity of 2%Pt/h-Al 2 The NO oxidation over 2%Pt/h-Al 2 O 3 at 265, 325, and 415uC is ca. 5, 10.5, and 17.5%, respectively and that over 2%Pt S /h-Al 2 O 3 -650C at 265, 325, and 415uC is ca. 7, 12, and 16%, respectively. These data show that the NO oxidation catalyzed by 2%Pt/h-Al 2 O 3 is comparable to that catalyzed by 0.18%Pt/h-Al 2 O 3 at 265uC but becomes more comparable to 2%Pt S /h-Al 2 O 3 -650C at 325 and 415uC, probably due to sintering. Sintering of Pt rafts to particles under NO oxidation condition has been previously reported 28 . The atomic imaging of the 2%Pt/h-Al 2 O 3 sample after testing confirms that some of the Pt rafts undergo sintering to ,5 nm particles although many rafts and some single atoms still remain in the sample [ Figure S6 ]. For completeness, we also carried out NO oxidation over 2%Pt T /hAl 2 O 3 -650C where total Pt content is identical to that of 0.18%Pt/hAl 2 O 3 . The NO oxidation over 2%Pt T /h-Al 2 O 3 -650C at 265, 325, and 415uC is 3, 7, and 11%, respectively.
The turn-over-frequencies (TOFs) at steady state for all catalysts are presented in Table 2 . The TOFs were calculated using platinum distribution data 19 from fresh samples. This approach works well for samples of 0.18%Pt/h-Al 2 O 3 and 2%Pt S /h-Al 2 O 3 -650C since they do not change during NO oxidation. The TOF data for 2%Pt/h-Al 2 O 3 at 315uC and 415uC are estimates since some of the Pt in the sample undergoes sintering resulting in a reduced Pt dispersion. An interesting conclusion from TOF data is that the TOF of the single atoms in 0.18%Pt/h-Al 2 O 3 and the large particles in 2%Pt S /h-Al 2 O 3 -650C are comparable under the test conditions for NO oxidation at 415uC. Previous work in literature has shown that NO oxidation decreases with decrease in Pt particle 29, 30 . The extrapolation of literature data suggests that TOF at single atoms would approach zero for NO oxidation. The high TOF on single supported Pt atoms could be due to a different pathway for NO oxidation.
The TOF of 2%Pt/h-Al 2 O 3 at 265uC is comparable to that of 0.18%Pt/h-Al 2 O 3 but becomes more comparable to 2%Pt/h-Al 2 O 3 -650C at 315uC and 415uC due to Pt sintering. At 415uC, NO conversion of all three samples showed similar conversion and TOFs. The TOF of 2%Pt S /h-Al 2 O 3 -650C and 2%Pt T /h-Al 2 O 3 -650C were similar at 265uC when normalized for available surface Pt. However, by 315uC, the reduced number of available active sites in 2%Pt T /h-Al 2 O 3 -650C showed a slight improvement in intrinsic activity compared with 2%Pt S /h-Al 2 O 3 -650C which became more pronounced by 415uC (Table 2 ). This increase may be related to increased NO 2 inhibition on NO oxidation 9 . These results validate the proposal from theoretical modeling that single supported Pt atoms can catalyze NO oxidation.
Diffuse Reflectance Infra-Red Spectroscopy of NO adsorption on 0.18%Pt/h-Al 2 O 3 . The role of the alumina support has been examined previously during NO oxidation and it has been found to be inactive toward NO oxidation 29 . An in-situ FTIR study has shown that NO or NO 2 adsorbs on alumina weakly at 250uC to form nitrates that desorb under a helium flush 16 . In the absence of oxygen, platinum supported on alumina also weakly adsorbs NO or NO 2 to form products that are identical to alumina except an additional nitrosium species (-NO-) is also observed 31 . The presence of oxygen in the reactant stream, on the other hand, dramatically increases NO 2 formation while the nitrosium species disappears 31 . Considering that NO oxidation over single supported Pt atoms cannot occur via conventional L-H scheme, we carried out diffuse reflectance Fourier transform spectroscopic study (DRIFTS) of NO adsorption in the absence and presence of oxygen over hAl 2 O 3 and 0.18%Pt/h-Al 2 O 3 .
The h-alumina sample, at room temperature shows monodentate nitrate (asymmetric NO 2 stretch at 1550 cm 21 and symmetric NO 2 stretch at 1257 cm
21
) and linear nitrite as a shoulder at 1460 cm 21 [ Figure 3] 
32
. There is also a peak at 1650 cm 21 due to residual bicarbonate which disappears upon increasing the temperature to 150uC and chelating nitrate (N 5 O stretch at 1590 cm 21 and asymmetric NO 2 stretch at 1305 cm 21 ) appears 32 . In addition, a broad peak in 1650-1900 cm 21 is also observed which could have components of linear NO and residual gaseous NO. Increasing the temperature to 200 or 250uC does not significantly change the spectrum except nitrate and nitrite stretches become better defined. Exposure to NO and O 2 [ Figure 4 ] at 250uC results in an increase in bands for chelating nitrate at 1590 cm 21 and monodentate nitrate at 1550 cm 21 is not separate. In addition, the broad band in 1650-1900 cm 21 narrows and is centered at 1732 cm 21 probably due to adsorbed linear NO. Increasing the temperature to 300uC leads to separation of bands for chelating and monodentate nitrate.
The spectrum of NO adsorbed on 0.18%Pt/h-Al 2 O 3 does not show a peak at 1727 cm 21 previously assigned to NO linearly bound to Pt at any temperature [ Figure 3] 
33
. The residual bicarbonate peak at 1650 cm 21 seen for NO adsorption on h-alumina was also observed on 0.18%Pt/h-Al 2 O 3 at 25uC and disappears on increasing the temperature. The peaks due to monodentate nitrate can be seen at 1550 cm
2132
. There is a unique band at 1432 cm 21 which can be assigned to non-coordinated carbonates. This band also disappears on increasing the temperature. At 200uC, the peaks due to monodentate and chelating nitrate are seen at 1550 and 1580 cm 21 and the peaks due to linear and bridging nitrite are seen at 1460 and 1314 cm 21 . Interestingly, the bent Pt-NO peak, reported in the literature to be present at 1630 cm 21 can be seen as a shoulder 33 . Increasing temperature to 250uC results in an increase in intensity of chelating nitrate peak at 1580 cm 21 . As a result, the monodentate nitrate peak and bent Pt-NO peak can be seen only as shoulders. A weak peak at ,1390 cm 21 , assignable to free nitrate, can also be observed. Exposure to NO 1 O 2 mixture [ Figure 4 ] at 250uC results in monodentate and chelate nitrate peaks at 1550 and 1583 cm 21 , respectively, to be almost equal in intensity. In addition, the NO linear peak can be seen at 1735 cm 21 . Since Pt-free alumina shows this peak for both NO and NO 1 O 2 while 0.18%Pt/h-Al 2 O 3 exhibits it only for NO 1 O 2 gas mixture, we assign this peak to have a contribution of Pt-NO also.
Thus, the DRIFTS data clearly show that the primary differences between NO adsorption on supported Pt particles and single atoms is that the single atoms bond with NO only in bent mode in the absence of oxygen. The single supported Pt atoms are highly active towards NO oxidation since nitrate and nitrite peaks on Pt-containing alumina are much stronger than Pt-free alumina even in the absence of oxygen. This phenomenon has also been previously observed for alumina-supported Pt particles 32 . The DRIFTS data are consistent with the proposed mechanism but the strong adsorptions of all species on alumina interfere with obtaining species bonded to Pt only. The absence of linear NO in 0.18%Pt/h-Al 2 O 3 when exposed to NO only is an indication that configuration II is not seen due to its transformation to nitrate. Since monodentate and chelating nitrate, bent NO, linear and bridging nitrite are also present in alumina, we refrain from using these observation in support of the proposed mechanism.
Conclusions
In conclusion, the results of first-principles theoretical modeling enable us to propose that NO oxidation on single supported platinum atoms is feasible although it is quite well known that NO oxidation decreases with decrease in particles size of supported Pt catalysts. The proposed pathway for NO oxidation is a modified L-H mechanism that does not involve the support and does not require dissociative oxygen adsorption. Experimental validation of our proposal comes from measuring the NO oxidation activity of single supported platinum atoms on an alumina catalyst, 0.18%Pt/hAl 2 O 3 . Imaging of the single-atom catalyst, 0.18%Pt/h-Al 2 O 3 , after steady state testing from 265-415uC, shows that this supported Pt catalyst remains predominately single atoms.
The NO oxidation on 2%Pt/h-Al 2 O 3 , containing 10-20 atom rafts, is similar to the supported single-atom catalyst but rapidly changes to mimic the large particle catalyst, 2%Pt/h-Al 2 O 3 -650C, due to partial sintering of rafts. The lower TOF observed for 2%Pt/h-Al 2 O 3 compared to the pre-sintered Pt particles in 2%Pt/h-Al 2 O 3 -650C at 315uC supports the well-known size dependent effect of the L-H mechanism.
Methods
Catalyst Preparation. The h-Al 2 O 3 support was prepared by a sol-gel process 34, 35 and platinum samples [0.18% Pt/h-Al 2 O 3 , 2.0% Pt/h-Al 2 O 3 , and 2.0% Pt/h-Al 2 O 3 -650C] were prepared by wet impregnation as reported previously 19 . All other materials were commercially available and used without further purification.
The 0.18%Pt/h-Al 2 O 3 catalyst consists of only single Pt atoms well dispersed on the alumina support 19 . The 2.0% Pt/h-Al 2 O 3 catalyst is composed of both single Pt atoms and 10-20 atom agglomerates, also referred to as platinum rafts bonded through oxygen (Pt-O-Pt) 19 . The 2.0% Pt/h-Al 2 O 3 -650C catalyst sample is a pre-sintered version of the 2.0% Pt/h-Al 2 O 3 raft sample that was thermally treated at 650uC to produce a catalyst with predominately well-defined Pt particles 19 . Aberration-corrected high-resolution electron micrographs of catalyst samples were recorded on a JEOL 2200FS FEG 200 kv (scanning) transmission electron microscope (STEM), equipped with a CEOS GmbH (Heidelberg, Ger.) hexapole corrector on the probe-forming lenses. High-angle annular dark-field (HA-ADF) images showing single Pt atoms at a nominal resolution of 0.07 nm were collected at a 26.5 mr incidence semi-angle, using a detector having a 110 mr inner semi-angle.
In situ diffuse reflectance FT infrared spectroscopy (DRIFTS) measurement was performed on a Nicolet Nexus 670 spectrometer equipped with a MCT detector cooled by liquid nitrogen, and an in situ chamber (HC-900, Pike Technologies) with capability to heat samples to 900uC. The exiting stream was analyzed by an online quadrupole mass spectrometer (QMS) (OmniStar GSD-301 O2, Pfeffer Vacuum). All samples studied by DRIFTS were first heated to 150uC under a flow of 100 sccm of 4%H 2 in helium at a rate of 3uC/min and held at that temperature for 45 mins. The hAl 2 O 3 sample was then cooled to 25uC under a flow of 100 sccm of helium. All spectra were obtained after exposure to 500 ppm NO in helium for 5 minutes. The sample was flushed with helium prior to temperature ramps under flowing helium. The 25uC spectrum of 0.18%Pt/h-Al 2 O 3 was obtained similar to the h-Al 2 O 3 sample. A second 0.18%Pt/h-Al 2 O 3 sample was reduced as described above without cooling. Instead the sample was flushed with helium at 150uC before exposure to the 500 ppm NO gas. The rest of the spectra were obtained from this second sample similar to the procedure previously described for h-Al 2 O 3 . The oxidizing environment contained 500 ppm NO and 4.75% O 2 . No helium flush was done at 250uC before exposure to the oxidizing flow or when ramping from 250 to 300uC. Space velocity conditions were kept constant from sample to sample. Each DRIFT spectrum was taken from a series recorded at a frequency of 16 scans per minute. The spectra presented in Figures 3 and 4 all had an automatic baseline correction applied for the reported 900-1900 cm 21 region.
NO Catalytic Activity Measurements. NO oxidation reactions were performed in a plug flow reactor and analyzed by a California Analytical, Inc. 400 HCLD NO x analyzer. Powder catalyst samples were loaded in a U-tube quartz reactor between two quartz wool plugs. The catalyst temperature was monitored by a type K thermocouple positioned in the catalyst bed. The U-tube was heated in a reactor furnace controlled by another type K thermocouple located at the same height as the catalyst sample. In order to keep a constant gas hourly space velocity (GHSV) of ,55.5 k h 21 , the platinum catalysts were mixed with blank h-Al 2 O 3 to provide 120 mg test samples (0.108 mL) for all tests. The feed gas composition was 50 ppm NO, 1% O 2 and Ar as a balance. In order to achieve the low flow rate of O 2 , a tank of zero air was used, introducing 3.76% N 2 into the total flow composition which was maintained at 100 sccm. The catalysts were heated to 120uC under argon before the www.nature.com/scientificreports SCIENTIFIC REPORTS | 4 : 7238 | DOI: 10.1038/srep07238NO 1 O 2 reaction gas was introduced and the sample was further heated to the evaluation temperatures. Each sample was studied sequentially at the following set points: 270uC, 320uC and 420uC. The furnace was ramped at 4uC/min to 20uC below the set point and held for 5 min before ramping at 1uC/min for the final 20uC. The catalyst was held at the set point and allowed to stabilize for ,70 min before the NO X concentration was averaged over 5 min. The analyzer was switched to NO mode and given 1-2 minutes to stabilize, and then the NO concentration was averaged over the next 5 min. The NO oxidation activity was calculated as (NO X -NO)/NO X . Catalyst comparisons were made keeping either the total platinum or surface platinum constant. TOF was calculated as moles of NO oxidized per mole of surface platinum (Pt s ) present in the fresh samples.
Computational Methods. The total energy calculations, based on ab initio density functional theory, were carried out employing the Vienna Ab Initio Simulation Package (VASP) 36 . A generalized gradient approximation (GGA) in the PerdewWang-91 form was employed for the electron exchange and correlation potential 37, 38 . The projector-augmented wave (PAW) approach for describing electronic core states was employed to solve Kohn-Sham equations 39, 40 . The plane wave basis set was truncated at a kinetic energy cutoff of 500 eV. As described previously, a Gaussian smearing function with a width of 0.05 eV was applied near Fermi levels. Ionic relaxations were considered converged when the forces on the ions were 0.03 eV/Å .
